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Abstract
In this work we provide experimental insights into the impact of plasma-molecule interactions on the target ion flux
decrease during divertor detachment achieved through a core density ramp in the TCV tokamak. Our improved analysis
of the hydrogen Balmer series shows that plasma-molecule processes are strongly contributing to the Balmer series
intensities and substantially alter the divertor detachment particle balance.
We find that Molecular Activated Recombination (MAR) ion sinks from H+2 and/or H
− are a factor ∼ 5 larger than
Electron-Ion Recombination (EIR) and are a significant contributor to the observed reduction in the outer divertor ion
target flux. Molecular Activated Ionisation (MAI) may also be significant during detachment.
Plasma-molecule interactions enhance the Balmer line series emission strongly near the target as detachment
proceeds. This indicates enhancements of the Lyman series, potentially affecting power balance in the divertor. As
those enhancements vary spatially in the divertor and are different for different transitions, they are expected to result
in a separation of the Lyβ and Lyα emission regions. This may have implications for the treatment and diagnosis of
divertor opacity.
The demonstrated enhancement of the Balmer series through plasma-molecule processes potentially poses a challenge
to using the Balmer series for understanding and diagnosing detachment based only on atom-plasma processes.
Keywords: Tokamak divertor; Molecules; Plasma; Plasma spectroscopy; Particle balance; Detachment
1. Introduction
Divertor detachment is expected to be a crucial aspect
for handling the power exhaust of future fusion devices,
such as ITER and DEMO [1]. During detachment, a
range of atomic and molecular processes result in simul-
taneous power, particle and momentum losses from the
plasma to neutral species or to photons (e.g. radiative
power loss). This results in a simultaneous reduction of
the target plasma temperature (Tt) and the ion target flux
Γt. Such changes in the plasma facilitate large reductions
in the target heat flux (qt) as shown in equation 1 where γ
is the sheath transmission coefficient and  is the surface
Email address: kevin.verhaegh@ukaea.uk (Kevin Verhaegh)
recombination energy that is deposited when an H+ 1
ion converts to an atom (13.6 eV) and afterwards to a
molecule (+2.2 eV) [3].
qt = Γt(γTt + ) (1)
This simultaneous reduction of the ion target flux (Γt)
and the target temperature requires target pressure (pt)
loss according to the sheath-target conditions (equation
2). That target pressure loss can be facilitated through
1In this work we use H for hydrogen as the available reaction
rates/emission coefficients are only available for hydrogen. The dis-
charge discussed in this work is, however, a deuterium discharge. The
impact of such assumptions are further discussed in [2].
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volumetric momentum losses [4, 5] and may involve an
upstream pressure loss as indicated in previous research
on TCV [6].
Γt ∝ pt/T 1/2t (2)
The importance of detachment for reducing the target
heat flux is illustrated by asking how much power loss
can occur during attached plasmas where pt is constant.
As Tt drops, Γt (equation 2) increases while qt drops -
but not very much: assuming Tt drops from 100 eV to 1
eV, one would have a reduction of qt of only a factor 2.5
assuming γ = 5 and  = 15.8 eV. To achieve higher heat
flux losses, one would require a simultaneous reduction
of the ion target flux, the target temperature and the target
pressure: detachment.
To investigate how the ion flux drops, we have to
investigate the particle balance in the divertor - equation
3. Here, Γi (Γr) is the divertor ion source (sink) and
Γu is a net ion flow from upstream towards (positive) /
away from (negative) the target. Γt is generally thought
to be much larger than Γu: Γt  Γu → Γt ≈ Γi − Γr:
high recycling conditions ([5–9] and figure 2). In these
conditions, a reduction in the ion target flux requires
either a reduction of the divertor ion source Γi and/or an
increase of the divertor ion sink Γr.
Γt = Γi − Γr + Γu (3)
The divertor ion source (Γi) is strongly connected to
power balance as each ionisation event requires a certain
amount of energy (Eion) [5–9]. The ionisation source (Γi)
can become limited by the power flux flowing into the
recycling/ionisation region (qrecl) if the power flux loss
due to ionisation (ΓiEion) becomes comparable (within a
factor of two [6]) to qrecl. Impurity radiation is often (one
of) the main power dissipation processes reducing the
power crossing the SOL (qSOL) before the power enters
the recycling region (qrecl). Particle, power and momen-
tum balance are thus all connected through equations 2,
3 and 1 (where qt = qrecl − EionΓi). All three balances
play an important role in detachment [4, 6, 10]. Most
studies of detachment have focussed on the target ion
current in detachment and how plasma-atom interactions
affect power, momentum and particle balance, leading
Γt to drop.
Plasma-molecule interactions can also impact all three
of these balances significantly [10–14]. To investigate
this further, we must distinguish between two different
’types’ of plasma-molecule interactions: (’elastic’) colli-
sions between the plasma and H2 and reactions from the
plasma chemistry of H2. A schematic overview of such
reactions and collisions are shown in figure 1. Collisions
between the plasma and H2 lead to rovibronic excitation
[11, 12, 14–18] (figure 1 a).
Reactions between the plasma and H2 can lead to H2
dissociation and to the formation of H+2 and H
− [11, 12,
19] as illustrated in 1 b: H+2 is formed by Molecular
charge exchange (H+ + H2 → H+2 + H); dissociative
attachment of H2 (H2 + e− → H− + H) results in the
formation of H−. These ”creation” reactions for H+2 and
H− are summarised in table 1.1.
Figure 1: Schematic overview of important plasma-molecule and
plasma-atom collisions (in orange) and reactions (in magenta) dis-
cussed in this work. a) Collisions between the plasma and H2 excite the
molecule rovibronically (meaning electronically - resulting in Fulcher
band emission, vibrationally - H2(ν) and rotationally); b) Reactions
between the plasma and H2(ν) result in the ”creation” of H+2 and H
−
(see reactions in table 1.1), which is enhanced by vibrationally excited
H2(ν); c) Reactions ”destroying” H+2 and/or H
− (see reactions in table
1.1), which can result in Molecular Activated Recombination / Molec-
ular Activated Ionisation (MAR/MAI) and excited neutral atoms (H∗),
resulting in Balmer line emission; d) Collisions between electrons
and H excite H∗, resulting in Balmer line emission; e) Electron-ion
recombination reactions with H+ resulting in excited H∗ and Balmer
line emission.
Dissociative attachment as well as molecular charge
exchange (step b in figure 1, which involves the ”cre-
ation” reactions for H+2 and H
− listed in table 1.1) can
be greatly enhanced by the population of higher vi-
brationally excited states (ν) which can be populated
through plasma-molecule collisions [11] (figure 1a). H+2
and H− can react with the plasma (figure 1c), ”destroy-
ing” H+2 and H
− (see the rates in table 1.1). For instance:
H+2 can undergo dissociative recombination with an elec-
tron H+2 + e
− → H + H∗; and H− can undergo mutual
neutralisation with an ion H− + H+ → H + H∗. Many of
such reactions ultimately result in neutral (often excited
∗) atoms, which emit atomic hydrogen line emission
through the various series such as Balmer and Lyman
[2, 15, 19, 20] - see figure 1c.
1.1. The effect of plasma-molecule interactions on parti-
cle, energy and momentum balance
Plasma-molecule reactions can impact particle bal-
ance of the plasma. For instance, the reactions above
which create H+2 and then destroy it through dissociative
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’Creation’ reaction Te (eV) ’Destruction’ reaction Te (eV) Type
H2(ν) + H+ → H+2 + H
Molecular charge exchange 1.5-4
e− + H+2 → 2e− + H+ + H+ > 15 MAI
e− + H+2 → H + H < 4 MAR
e− + H2 → 2e− + H+2
H2 ionisation
> 4 e
− + H+2 → 2e− + H+ + H+ > 15 MAI (x2)
e− + H+2 → e− + H+ + H > 0.5 MAI
e− + H2(ν)→ H− + H
Dissociative attachment 0.7-2.5 H
+ + H− → H + H > 0.8 MAR
Table 1: Table highlighting plasma-molecule reaction chains having
an impact on particle balance through Molecular Activated Ionisation
/ Recombination (MAI/MAR). The ’creation’ reactions are part of
process ’b’ in figure 1 and the ’destruction’ reactions are part of process
’c’ in figure 1
recombination, can start off with molecular charge ex-
change H2+H+ and end with H+H+H∗ - so a molecular
reaction ’activated’ the recombination of a plasma ion:
Molecular Activated Recombination - MAR.
However, if electrons have sufficient energy (> 4eV),
they could ionise H2 directly to form H+2 : e
− + H2 →
2e− + H+2 . Such higher energy electrons can also react
with H+2 and the resulting species from that could be two
ions instead of two neutrals (e.g. e− + H+2 → H+ + H+ +
2e−) or one ion and one neutral. In that case we have
started with H2 (in the case of H2 ionisation) and ended
with H+ + H+ - so a molecular reaction ’activated’ the
ionisation of (two) plasma neutrals: Molecular Activated
Ionisation - MAI. Plasma reactions with H2 and H+2
can result in MAI while reactions with H− and H+2 can
result in MAR. All MAR and MAI reactions and reaction
chains are summarised in figure 1 together with their
relevant electron temperature ranges.
Both plasma-molecule collisions and reactions can
also impact the power balance of the plasma. Collisions
between the plasma and the molecules can transfer ki-
netic energy from the plasma to the molecular cloud
[21–23]. Some of the energy gained by H2 can be dis-
sipated through radiation from molecular (H2) bands,
however the radiative losses from such processes are
experimentally estimated to be relatively small, which
is supported by EDGE2D-Eirene modelling [14]. Re-
actions between the plasma and the molecules can also
result in excited atoms which contribute to atomic line
radiation [2, 19, 20] (step c in figure 1).
Plasma-molecule collisions can transfer momentum
from the plasma to the molecules, effectively acting as a
momentum sink [10, 13, 21–23]. Apart from collisions,
the molecular charge exchange reaction (H2 + H+ →
H+2 + H) can also result in momentum losses [13, 22].
1.2. Previous studies of the role of molecules
Most experimental investigations into the impact of
molecules on plasma-edge physics in tokamaks have uti-
lized H2 Fulcher band (590-640 nm) emission measure-
ments [11, 16] which arise from electronic excitation of
H2 due to plasma-molecule collisions (step a in figure 1).
Those measurements directly show that that the plasma
is interacting with the molecules resulting in rovibronic
excitation [11, 12, 16]. That information, combined with
model or simulation results, has been used in studies to
infer information on reactions between the plasma and
molecules [11, 16] which directly lead to such effects as
dissociation, MAR and MAI.
The ultimate effect of plasma molecule reactions on
atomic line emission (e.g. Balmer and Lyman series) has
been discussed and it is suspected from DIII-D and JET
studies [16, 24] that the Hα emission in the divertor may
be enhanced by plasma-molecule interactions. However,
the impact of plasma-molecule interactions on Balmer
line emission (see figure 1) has not yet been studied
quantitatively on tokamak divertors. More importantly,
there has not been any study or technique described to
utilize the Balmer series to extract information about
plasma-molecule interactions. That is the subject of this
paper.
1.3. Description of the current effort to utilze the Balmer
emission from divertor plasmas to quantify the role
of plasma-molecule reactions in detachment
In our previous research [6, 25] we have investigated
the power/particle and momentum balance of the di-
vertor plasma during detachment that are the result of
only plasma-atom processes. In this work, we expand
this investigation by expanding our analysis to include
plasma-molecule reactions involving H+2 and H
− and
the resultant hydrogenic (Balmer) line emission during
detachment [2].
Our results indicate H+2 and/or H
− can strongly in-
crease hydrogenic line emission as well as modify par-
ticle balance significantly during detachment compared
to plasma-atom processes alone. Our analysis separates
the molecular contributions to the Balmer line emission
spectra (n = 3 − 6) which are then used to infer the
magnitude and location of MAI/MAR ion sources/sinks
accounting for the possible H+2 and H
− reactions. Our
results indicate that plasma-molecule reactions involving
H+2 (and/or H
−) lead to significant levels of both MAR
and MAI. MAI starts to contribute to the ion target flux at
around the detachment onset. For the TCV case studied,
MAR is ∼ 5 times larger than the EIR ion sink (atomic
processes). The end result is that the inclusion of plasma
sources and sinks due to plasma-molecule processes sig-
nificantly alters the picture of particle balance derived
from plasma-atom processes alone.
The Balmer line emission enhancement during detach-
ment attributed to plasma-molecule interactions: 1) is
strongest near the target while the H2 Fulcher emission
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region tracks the ionisation region; suggesting that dif-
ferent plasma-molecule interactions occur at different
locations of the TCV divertor; 2) are indicative of in-
creases of the Lyman series, which could potentially
affect power balance in the divertor; 3) could have im-
plications for divertor opacity effects as it expected to
result in a spatial separation between the Lyα and Lyβ
emission regions.
2. Spectral analysis techniques of inferring infor-
mation on plasma-molecule interaction from the
Balmer spectra
In this section we present a short summary of the
analysis technique ’Balmer Spectroscopy of Plasma-
Molecular Interactions’ - ’BaSPMI’ [2] used to investi-
gate the spectroscopic data in this work. For simplicity
we define Balmer line emission from electron-impact ex-
citation of H and EIR of H+ as ”atomic” contributions
to the Balmer line emission while we define Balmer
line emission arising from excited atoms after plasma
interactions with H2,H+2 and H
− as contributions to the
Balmer line emission arising from ”plasma-molecule
interactions”. The total atomic line emission is then the
sum of the ”atomic” (H,H+) and ”plasma-molecule in-
teraction” (H2,H+2 ,H
−) contributions [2]. This analysis
technique utilizes chordal-integrated brightness measure-
ments of Hα,Hβ, as well as two other medium-n Balmer
lines (e.g. n=5-7) together with Stark inferred electron
densities; and uses data from ADAS [26, 27], YACORA
(On the Web) [19, 20] as well as AMJUEL [28].
The goal of this analysis is ”to quantify the contri-
bution of plasma-molecule interactions to the Balmer
lines and use this to provide quantitative estimates of the
influence of molecules on power losses, particle (ion)
sources/sinks and Balmer line emission” [2]. This builds
upon previous atomic analysis technique developed by
the authors in [29]. This works on the principle that
plasma-molecule reactions can lead to excited atoms
emitting atomic line emission, which is more dominant
for lower-n Balmer lines (Hα,Hβ) than higher-n ones.
The analysis scheme can be summarised as follows:
1. The analysis applies the technique in [29] and sep-
arates the ”atomic” emission of medium-n Balmer
lines into its electron impact excitation (of H) and
EIR (of H+) components assuming that medium-n
Balmer line emission is due to ”atomic” interac-
tions only. This provides us with ionisation and
recombination estimates. Characteristic tempera-
ture estimates of the excitation and recombination
regions are inferred using the respective excitation
and recombination brightnesses limited by possible
ranges (obtained from SOLPS-ITER simulations)
of the neutral fraction and path-length (see [29] for
more information). Electron density estimates are
obtained from a Stark broadening fitting analysis of
medium-n Balmer lines [30].
2. This information is used to estimate the ”atomic ex-
citation” (e.g. electron-impact excitation of H) and
recombination (of H+) contributions to the entire
hydrogenic line series, in particular the ”atomic”
component of the Hα and Hβ emission. The differ-
ence between this and the total measured measured
brightnesses is attributed to ”plasma-molecule in-
teractions” involving H+2 and H
−.
3. We find that most of the molecular contributions to
Hα emission contributions are from H+2 (and/or H
−
[2]) as as opposed to H2 contributions which make
up less than a percent of the measured Balmer line
emissions in the (detached) conditions at which we
apply the analysis - see [2] for more details. The
H+2 and H
− Hα contributions are separated using
the Hβ/Hα (of H+2 ,H
−) line ratio.
4. The Hα emission has now been separated into
the contributions due to H,H+,H+2 ,H
−,H2. The
following sub-steps are taken in order to deter-
mine a consistent description of the molecular and
atomic contributions to all Balmer lines: a) The
makeup of atomic and molecrular contributions to
the Hα brightness measurements are used to es-
timate the ”plasma-molecule interaction” compo-
nents of the medium-n Balmer lines; b) These are
subtracted from the measured medium-n Balmer
line brightnesses to get the ”atomic” component
of the medium-n Balmer line emission; c) With
this, the above steps 1 through 4 are iterated until
a self-consistent description of the contributions to
the various emission pathways of Hα, Hβ and the
medium-n Balmer lines is obtained.
5. The separated contributions to Hα brightnesses are
used to estimate the integral of MAR (H−, H+2 ) and
MAI particle sinks/sources (H2, H+2 ) along a par-
ticular spectrometer viewing chord using ’reaction
to emission coefficient’ ratios and the temperatures
and densities obtained in step 1.
In the above analysis uncertainties are propagated us-
ing a Monte Carlo scheme [2, 6]; a series of random sam-
ples are generated from all input parameters within their
estimated uncertainties. These are analysed individually
to obtain a sample of values for each output parameter;
which is processed to obtain the most probable values
for desired parameters (e.g. MAR, MAI, etc.) as well
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as their uncertainty (probability distribution function).
Additional probability constraints on the characteristic
temperature of the ”atomic” excitation emission are em-
ployed based on power balance and the location/extent
of the CIII emission region (see [2] for more details).
The profile of the various emission contributions vary
continuously along the line of sight. However, the anal-
ysis technique (see [2]) simplifies the emission profiles
as a ’dual slab’ model (with a hot and cold temperature)
along the line of sight. That approach has been veri-
fied using SOLPS-ITER simulations for both TCV and
MAST-U, where the full profiles of the various emission
contributions along the line of sight were calculated (see
[2]). In those simulations, there is indeed a strong spatial
separation of the various emission and reaction regions.
However, the analysis of the chordal-integrated bright-
nesses still provide similar estimates of the chordal-
integrated atomic and molecular ion sources/sinks as
is obtained when summing those sources/sinks from the
simulation directly along the line of sight. The analysis
(for those tested conditions) seems fairly resilient to the
actual variation of plasma-profiles along the line of sight.
More discussion can be found in [2, 29].
Throughout this analysis we have bundled the con-
tributions of H2, H+2 and H
− together in terms of their
Balmer line emission and MAR/MAI ion sinks/sources.
3. Experimental results on TCV
In the following we apply the above analysis chain
(BaSPMI) to a representative discharge in TCV to
demonstrate the role of plasma-molecule interactions
on particle balance. The TCV discharge used for this
study (#56567) has previously been analysed in detail
from the point of view of atomic interactions only [6].
As shown in Fig. 2d, #56567 has a single null divertor
shape with spectroscopy lines of sight intersecting the
outer divertor leg along most of its length. #56567 is an
L-mode Deuterium plasma with Ip = 340kA discharge
in reversed field (i.e. ion grad-B drift away from the
primary x-point) without additional impurity seeding (al-
though intrinsic carbon impurities are present and are an
important power loss process [6]). This discharge has
been repeated multiple times with different spectroscopy
settings to obtain sufficient spectroscopic coverage to
obtain the Balmer line brightnesses of Hα,Hβ,Hγ,Hδ
and H, the latter being used for Stark broadening esti-
mates [29]. In addition, several of the repeat discharges
were used to obtain Fulcher band measurements. The
reproducibility of these discharges has been investigated
[6] and has been found to be adequate for this purpose.
Figure 2: Inferred particle balance only considering plasma-atom in-
teractions. a) Particle balance (ion target current) shown together with
estimated atomic ion source, electron-ion recombination (EIR) sink. b)
Measured total Hα in the divertor together with the estimated atomic
part of the Hα emission. c) Target temperature estimates (based on
the spectroscopically inferred excitation temperature - TEe and a tem-
perature estimate obtained from power balance, adopted from [6]. d)
Magnetic equilibrium of the investigated discharge with spectroscopic
line of sight coverage (two chords are highlighted which are used in
figure 3.
First we investigate particle balance of this discharge
(2) based on a spectroscopic analysis [29] which assigns
all medium-n Balmer line emission to atomic interac-
tions only. Under TCV attached conditions we observe
a linear increase of the ion target current (figure 2 a).
Such a linear increase is predicted by analytical models,
due partially to the reduction of upstream temperature
during the ramp of the upstream density [6]. The total
ion target current, Γt, stops rising linearly at around a
Greenwald fraction of 0.33 (detachment onset) and rolls-
over around a Greenwald fraction of 0.4. We observe
that the atomic electron-ion recombination sink only be-
comes relevant at latest phase of the discharge (where
the target temperature Tt ∼ 1 eV - figure 2c), while the
ionisation rate drops before this phase at the detachment
onset (where Tt ∼ 4 eV - figure 2c). This reduction of
the ionisation source occurs as the power entering the
recycling region becomes ’limited’ to sustain sufficient
ionisation - ’power limitation’ [2].
A bifurcation starts to occur between the measured
and estimated ”atomic extrapolated” Hα emission at the
detachment onset (Tt ∼ 4 eV - figure 2c), figure 2 b, and
become increasingly more significant (Tt < 2 eV - figure
5
2c) as the divertor becomes colder. This is indicative of
an additional source of n = 3 excited atoms. The ’atomic’
Hα emission is based on the analysis of the medium-n
Balmer lines (step 1 of the BaSPM analysis) [2, 29],
assuming the higher-n Balmer lines are only populated
by ”atomic” interactions [29].
While the expected H2 densities from SOLPS-ITER
simulations under these density/temperature conditions
(e.g. detached Tt < 5 eV plasma, ne ∼ 1020m−3)
contribute less than 1% of the measured Hα emission
[2], plasma-molecule interactions involving H+2 and H
−
could explain the additional Hα brightness after detach-
ment [2]. Such plasma-molecule interactions lead to
losses (sinks) for ions in the plasma through Molecular
Activated Recombination (MAR). Other possible addi-
tional sources of n = 3 excited atoms, such as Lyβ opac-
ity and plasma-molecule interactions with hydrocarbons,
are estimated to only increase the Hα emission by a few
percent for these TCV conditions [2]. Therefore, we
assume that the additional Hα emission is due to plasma-
molecule interaction, which is a starting point for the
analysis outlined in BaPSM - step 2 (section 2).
The enhancement of Hα after detachment is qualita-
tively consistent with measurements from both DIII-D
[16] and JET [24] where inconsistencies between the
measured and expected Hα emission was suspected,
which will be discussed in more detail in section 4.4.
3.1. The evolution of detachment with plasma-molecule
interactions
We will now investigate the influence of plasma-
molecule interactions on the Balmer lines more quantita-
tively by applying the full self-consistent BaSPM atomic
and molecular spectroscopic analysis chain. First, we
study the influence of this on three measured Balmer
lines measured during this discharge. Initially only elec-
tron impact excitation (of H) emission plays a role for
all three Balmer lines (figure 3).
As the target temperature drops, first plasma-molecule
interactions and later electron-ion recombination form
an increasingly larger part of the Balmer line emission
(figure 3). Near the detachment onset (∼ 0.82s), elec-
tron impact excitation ’detaches’ from the target (see
figure 3 6 cm above the target), leaving a region where
enhanced Balmer line emission from H+2 and/or H
− as
well as EIR occur. This region expands as the divertor
becomes colder, following behind the movement of the
electron-impact excitation region. At the latest phase of
the discharge (t=1.1s), the emission fractions (figure 3)
(not the actual brightnesses - see figure 4) from plasma-
molecule interactions are higher at 25 cm above the target
as the temperatures are higher there (∼ [2.5−4] eV) than
near the target, which are still sufficiently low for plasma-
molecule interactions but are too high for EIR. In the
cold region, ”plasma-molecule interactions” are the dom-
inant excitation process for Hα and Hβ emissions, while
significant for Hγ and Hδ (not shown) where Balmer
line emission from EIR is dominant.
Figure 3: Time traces of the Hα,Hβ,Hγ self-consistent emission
fractions for two different chords (figure 2) in terms of ”atomic” con-
tributions (electron impact excitation (of H) and EIR (of H+) and
”plasma-molecule interaction” related contributions.
Using the BaSPM analysis technique discussed in sec-
tion 2 [2], we obtain information from plasma-molecule
interactions by analysing the excited atoms arising pre-
dominantly from plasma reactions with H+2 and H
−.
However, there are also collisions between the plasma
and the H2, which transfer power and momentum from
the plasma to the molecules and excite the molecular
cloud. When electrons have sufficient energy for these
collisions to result in excited H2 electronic states, this
results in H2 Fulcher band emission, which is brightest
at high molecular densities combined with high electron
temperatures.
To provide some insight into the evolution of different
kinds of plasma-molecule interactions during detach-
ment, we compare the brightness profile (line-integrated
along the divertor leg and therefore also intersecting the
private flux and common flux regions) of a part of the
H2 Fulcher band emission (600-614 nm) with that of the
various Hα excitation sources in figure 4. A first obser-
vation is that the Fulcher emission penetrates throughout
the divertor leg in the attached phase.
A second observation is that the Fulcher emission pro-
file spatially follows the electron impact excitation (of
H) emission profile and thus the ionisation profile. In
contrast, the Balmer line emission from excited atoms
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after reactions with H+2 and/or H
− occurs below the
Fulcher emission region and remains peaked near the tar-
get throughout the discharge; this suggests that there is a
spatial and temperature ordering of the various molec-
ular processes. Those two observations will be further
discussed in section 4.1.
Figure 4: Spatial profiles at three different times (of the same discharge
as shown throughout the paper) of normalised (to the maximum) Hα
atomic excitation emission, Hα combined emission due to plasma
molecule interactions (H+2 ,H
−,H2) and summed Fulcher emission
between 600 and 614 nm (which has the brightest Fulcher emission
lines) with impurity emission lines removed from the spectra.
3.2. Particle balance with plasma-molecule interactions
The evidence presented in the previous section sug-
gests plasma-molecule interactions can impact hydro-
genic atomic line emission significantly. This has im-
plications for particle balance in two ways: 1) When
the hydrogenic Balmer spectra is attributed to be solely
from ”atomic” interactions (as in [25]), any Balmer line
emission from plasma-molecule interactions will be at-
tributed to ”atomic processes”; that ’inflates’ the atomic
ion source/sink estimates. 2) When plasma-molecule in-
teractions contribute to, and are properly accounted for,
in the Balmer line emission, that indicates the presence
of an additional ion sink through Molecular Activated
Recombination (MAR) and/or ion source through Molec-
ular Activated Ionisation (MAI). As will be shown next,
both MAR and MAI are important in the particle balance
of discharge studied.
Particle balance is shown from the perspective of both
atomic and plasma-molecule interactions in figure 5 for
the discharge discussed throughout this paper. The dif-
ference in the ionisation estimate between figure 5 and
figure 2 is due to the self-consistent consideration of both
plasma-atom (H and H+) and plasma-molecule interac-
tions (involving H2, H+2 and H
−) leading to excited atoms
in figure 5. Both the ionisation estimates provide similar
results until the detachment onset point (Core Greenwald
fraction 0.33, t ∼ 0.82s). After the detachment onset,
the estimate of ionisation including plasma-molecule in-
teractions is reduced compared to that obtained when
only plasma-atom interactions are included; the EIR ion
sink estimate is unaltered.
Figure 5: Inferred particle balance considering plasma-atom and
plasma-molecule interactions. This modifies the estimated plasma-
atom interaction processes (as it accounts for emission from plasma-
molecule interactions in the spectroscopic analysis). a) Particle balance
(ion target current) shown together with estimated atomic ion source,
the sum of the atomic and MAI (H+2 and H2) ion source, EIR sink
and total (H+2 and H
−) MAR sink. We have added a linear fit in the
attached phase (dotted lines) to the total ion source and ion target flux .
b) Ion losses of the ion target flux, ion sources and through EIR and
MAR.
During detachment, plasma-molecule interactions
start to contribute to Hγ,Hδ (larger impact for lower
n→ 2 compared to higher n→ 2 transitions) - see figure
3. Not including molecular effects leads to an underesti-
mate of the ’atomic’ Hδ/Hγ ratio (e.g. higher-n/lower-n
ratio), which makes Balmer line emission ’appear’ to
be more excitation rather than recombination dominated
[29], leading to a potentially significant ionisation over-
estimate. We can conclude that a self-consistent consider-
ation of plasma-atom and plasma-molecule interactions
can be important for inferring information on electron
impact excitation (of H) emission (and thus ionisation,
characteristic excitation temperature and radiated power
from atomic excitation).
The analysis shown in figure 5 indicates that MAR
is significant at the detached roll-over phase. The onset
of MAR occurs between the onset of power limitation
(detachment onset) and the onset of EIR ion sinks. The
inferred magnitude of MAR for this discharge is ∼ 5
times higher than the magnitude of EIR (and occurs
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earlier) despite the emission of Hγ,Hδ (figure 3) being
EIR dominated.
In this particular case, the MAR ion sink (magenta
symbols in figure 5a) represents a significant fraction of
the ion target flux (green symbols in figure 5a) (51±15 %)
and are thus important to account for to get an accurate
picture of the particle balance in the divertor.
Plasma-molecule interactions can also increase the
ion target flux through MAI. The MAI rate calculated
for this case is significant and starts to occur around the
detachment onset. The MAI ion source in the detached
phase is smaller than the MAR ion sink. These MAI
estimates have larger uncertainties and are more sensitive
to chordal integration effects as the MAI/Hα photon
ratio depends on the relative strength between molecular
charge exchange and H2 ionisation (see table 1.1), which
is strongly temperature dependent - see [2] for more
information. To minimise the effects on this on figure 5
the MAI and atomic ion sources have been combined as
the individual uncertainties in those are anti-correlated.
Most MAI in this case arises from H+2 ions (created
from H2 ionisation) in a fairly high temperature regime
(Te = [4 − 9] eV as opposed to Te = [1.5 − 4] eV for
MAR) near the electron-impact excitation and Fulcher
emission regions, which will be discussed in section 4.1.
To obtain a more quantitative comparison of the mag-
nitude of ion losses through ion sinks, the reduction of
the ion source and the reduction of the target ion flux, the
’ion losses’ for these different processes are estimated,
analogously to [6], and are shown in figure 5b. We ob-
serve that ion source losses start to occur around the
detachment onset and increase from that point onwards.
The impact of the total ion source losses (e.g. including
MAI) seems to be the earliest and strongest (together
with MAR) contributor to the ion target flux drop during
detachment. The ion source drop is followed by further
MAR and ultimately EIR ion sinks. The magnitude of
ion loss due to MAR and the observed ion loss at the
target are similar. The sum of the ion source and sink
losses exceeds the estimated ion target flux loss (figure
5), which will be discussed in section 4.3.
4. Discussion
4.1. The evolution of plasma-molecule collisions and
reactions during detachment
In figure 1 we made the distinction between collisions
of the plasma and H2, exciting H2 rovibronically and
reactions between the plasma and H+2 and/or H
− leading
to excited atoms and Balmer line emission. The results
from section 3.1 indicated that the Balmer line emission
due to plasma-molecule interactions and Fulcher band
emission emit at different locations and evolve differently
during detachment. This suggests that there is a large
volume in TCV of significant H2 density extending over
a range in Te. Different kinds of plasma-molecule inter-
actions dominate at different positions in this volume.
Fulcher band emission occurs when electrons have
sufficient energy to electronically excite H2 (Te > [4−5]
eV), which likely coincides with the region where H2 is
both dissociated (e+H2 → e+H +H) as well as ionised
(e + H2 → H+2 + 2e) [16]. Therefore, Fulcher band emis-
sion should be fairly well localised around the hot part
of the separatrix. It is thus surprising that Fulcher band
emission occurs throughout the ionisation region given
that the H2 primary source is at/near the target and mean
free paths at the target in attached conditions are a few
centimetres according to simulations [31]. This suggests
that molecules enter the divertor leg radially throughout
the ionisation region, which could be attributed to the
open, unbaffled divertor structure at the time. According
to our analysis, those molecules making it to the ioni-
sation region are responsible for the significant levels
of MAI inferred (figure 5), which is spatially correlated
with both the Fulcher emission and atomic ionisation
regions.
In comparison to the primary location of Fulcher band
emission, most Balmer line emission from H+2 and/or H
−
(and thus the MAR ion sink as well as the H+2 and/or H
−
densities) remains peaked near the target (where the H+2
densities seem higher) and extends up until the ionisation
region. Near the target during detachment (Te = [1 − 3]
eV) the electrons have insufficient energy to promote H2
ionisation. However, vibrationally excited molecules can
promote the creation of H+2 through molecular charge ex-
change (H++H2 → H+2 +H) significantly. In other words,
at the location where MAR occurs and most Balmer line
emission due to H2 chemistry is observed (Te = [1.5−3]
eV), vibrationally excited molecules are likely respon-
sible for the creation of H+2 (through molecular charge
exchange) and/or H−, whereas at the Fulcher band emis-
sion region H2 is electronically excited, dissociated and
ionised into H+2 resulting in MAI.
If there is no longer sufficient energy (Te < [4 − 5]
eV) for the impact electrons to electronically excite H2,
this would result in strongly reduced Fulcher band emis-
sion. Our results indeed indicate that the Fulcher band
emission is particularly dim below the ionisation region
where most molecules (as well as MAR) are expected
to be present. This may have implications for the appli-
cability of using only Fulcher band analysis to diagnose
MAR.
Although the mean-free-paths between the target and
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the ionisation region for H2 are fairly large in detached
conditions due to the lower electron temperatures, the ex-
pected mean free paths of H+2 and H
−, are much smaller.
Potentially, transport of vibrationally excited molecules
between the target and the ionisation front (and their
interaction with the wall [11]) may play a role in achiev-
ing the higher vibrationally excited states near the tar-
get. Additionally, if electron impact collisions with H2
have no longer enough energy to electronically excite
H2 (Te < [4 − 5] eV) a larger proportion of the energy
transfer during those collisions could go into raising the
vibrational levels in the electronic ground state, which
is consistent with measurements and (vibrational-state
resolved) simulations [12].
Further investigations are required to investigate the
individual roles of plasma-molecule collisions and re-
actions and what their implications are for detachment
physics.
4.2. Evolution of hydrogenic line emission with plasma-
molecule interactions and opacity
Plasma-molecule interactions involving H+2 and/or H
−
particularly influence Hα, which may have implications
for the diagnosis and understanding of (photon) opac-
ity. Although the photon opacity is expected to be in-
significant for the TCV case studied here, based on post-
processing TCV simulation data [2], opacity could play
a stronger role in other devices, such as MAST-U where
the photons can traverse an integrated neutral density
higher than 1018m−2 [24, 32, 33] along their path-length
according to MAST-U SOLPS simulations [22]. As the
spectroscopic technique we utilise for inferring infor-
mation from plasma-molecule interactions [2] relies on
detecting additional excitation of the Hα emission line,
it can be influenced by Lyβ opacity [2].
Figure 6: Schematic overview of Lyα and Lyβ absorption/emission
based on ray-tracing obtained from post-processing a SOLPS-ITER
simulation of a deeply detached MAST-U discharge without external
seeding.
Plasma-molecule interactions involving H+2 and/or H
−
predominantly lead to Balmer series emission near the
target while the ionisation region, which coincides with
electron impact excitation of H leading to emission, has
already ’detached’ from the target during detachment.
Plasma-molecule interactions (involving H+2 and/or H
−)
influence Hα (n = 3) much more than Lyα (n = 2)
[2]. Plasma-molecule interactions could, therefore, lead
to a spatial separation between the Hα (/Lyβ) and Lyα
emission regions. This is found to be the case for MAST-
U based on SOLPS simulations [22] which have been
post-processed to estimate the impact of H2,H+2 and H
−
on the hydrogenic Lyman line series similarly to the
post-processing for synthetic testing of the Balmer series
employed in [2]. The result is illustrated schematically
in figure 6.
The strong spatial separation of Lyα and Lyβ emis-
sion can result in Lyβ emitting in a region where opac-
ity is (relatively) more dominant than for Lyα. This is
schematically indicated in figure 6 where the SOLPS hy-
drogenic line emissions are further post-processed using
ray-tracing to estimate where the emission gets absorbed
due to opacity. This is because the Lyβ emission occurs
in a region below the ionisation region where the neu-
tral density and the photon pathlengths are significantly
larger given the MAST-U divertor shape.
The existence of plasma-molecule interactions involv-
ing H+2 and/or H
− may also have implications for the
diagnosis of opacity. Experimentally one can mea-
sure opacity of Lyβ by comparing the line-integrated
Hα brightness to the line-integrated Lyβ brightness
[24, 32, 33]. One can then predict the opacity for Lyα
and the rest of the Lyman series assuming that Lyα
and Lyβ emit at the same location spatially through
collisional-radiative modelling [24, 33]. However, as
in the case shown in figure 6, the emission patterns for
Lyα and Lyβ emission are significantly different. Such
an approach may thus not be feasible and something
more sophisticated is likely required; the development
of spatially resolved Lyα, Lyβ (as well as the Balmer
series) diagnostics on tokamak divertors may be required.
Divertor plasma simulations could be used to explore
various diagnotics configurations. More detailed opacity
simulations as well as VUV opacity measurements on
MAST-U are planned for when it is operational [34].
4.3. The impact of plasma-molecule interactions on de-
tachment in terms of power and particle balance
Our results indicate that plasma-molecule interactions
involving H+2 and/or H
− significantly modify both the
hydrogenic Balmer line series as well as particle balance
through molecular activated recombination. Such an im-
pact on the hydrogenic Balmer (and thus Lyman) line
series also implies that these interactions can result in
significant hydrogenic radiation and likely play an im-
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portant role in power as well as particle balance. This
will be investigated in more detail in future work.
When we compare figure 5 with equation 3 depicting
particle balance, we find that ’high recycling conditions’
(Γt = Γi − Γr) apply in the attached phase but no longer
apply in the detached phase as MAR raises Γr such that
Γi − Γr < Γt, which is indicative of a net ion flow to the
target. This is in contrast to the findings in [6] where
only atomic reactions were considered. This net ion flow
could arise from ionisation occurring above the spec-
trometer’s divertor chordal view range (figure 2d). Such
a behaviour is qualitatively consistent with SOLPS-ITER
simulations for TCV [31, 35, 36] and will be investigated
in future work.
4.4. Implications for other devices
This work highlights the importance of including
plasma-molecule interactions in divertor plasma physics
studies. The fact that this analysis was performed on on
TCV data raises a concern as to the importance of plasma
molecule interactions for detachment in other devices.
First, we expect divertor molecular densities to be
high in any divertor at low Te. Our research shows that
plasma-molecule interactions lead to MAR and affect
particle balance during detached conditions (Tt < 2.5 eV
- figure 2). In theory the entire detached region Te could
stay above 2.5 eV (but still Tt <∼ 5 eV). Therefore, it
could be that under certain detached divertor conditions
interactions with H+2 and/or H
− do not play a strong role.
We will investigate this further in future studies of other
TCV detached discharges.
We do believe that variations in the divertor geometry
(e.g. baffled vs non-baffled, divertor chamber walls tight
around the divertor leg) could affect the role of plasma-
molecule interactions. That concern was expressed in
sections 3.1 and 4.1 to provide an explanation of how
H2 was able to reach high temperature regions where
atom-plasma excitation/ionisation occur and thus MAI.
The wall material can also play a role in affecting the
strength of plasma-molecule interactions as the vibra-
tional density distributions are found to be influenced
differently by metallic walls than carbon walls [11].
The transport of molecules (and what Te regions are
accessed) will also be affected by changes in the mean
free paths for molecular reactions driven by increases
in either or both plasma density and heat fluxes. For
example, at higher electron densities we expect that the
balance of dominance between plasma-molecule and
plasma-atom processes could change and the distance a
molecule in any form will survive will shorten, poten-
tially impacting the level of MAR.
Tokamaks with higher electron densities than for TCV
could modify the relative balance of MAR and EIR. The
electron density on TCV during detachment is relatively
low (∼ 1020m−3) compared to tokamaks like C-Mod and
AUG, not to mention future tokamaks approaching reac-
tor conditions. Electron-ion recombination scales with
the power 2-3 of the electron density [25, 32] while the
plasma-molecule processes influencing MAR and MAI
increase less quickly with electron density. Furthermore,
the ratio MAR/EIR likely drops in Tt < 1 eV detached
conditions where 3-body recombination rises strongly.
On the other hand, experimental findings from both
DIII-D [16] and JET [24] appear to indicate that plasma-
molecule interactions effects, at least on Hα are signif-
icant. At DIII-D [16], the measured Hα/Hβ line ratios
were more than a factor 5 higher than that expected based
on atomic interactions, in agreement with figure 2c. This
could be explained by an additional n = 3 excitation
source from plasma-molecule interactions. At JET [24]
the ion source was estimated using Hα brightnesses as-
suming that all Hα emission was due to electron-impact
excitation. This was in agreement with the ion target
current up until the detachment onset where the Hα
ion source increased strongly while the ion target cur-
rent rolled-over. That rise of Hα could not be fully ex-
plained with electron-ion recombination or Lyβ opacity
and could have been caused by MAR.
The experimental results presented here generally
illustrate that plasma-molecule interactions involving
MAR are likely to occur in other devices at a significant
level.
5. Summary
In this work we have applied new spectroscopic anal-
ysis techniques [2] to investigate the detachment process
in TCV during core density ramp discharges. We find
that plasma-molecule interactions can play strong roles
in particle balance during the detachment process and
can enhance the hydrogen Balmer spectra significantly.
While it is well known that at and after detachment
onset the entire Balmer series intensities and relative
intensities are modified through atom-plasma interac-
tions, we have found that plasma-molecule interactions
can also lead to strong modifications. Those plasma-
molecule contributions are part of a multi-step plasma-
molecule interaction process of producing charged (and
excited) molecules followed by the breakup of those
species which can lead to both Molecular Activated Re-
combination (MAR) as well as Molecular Activated Ion-
isation (MAI). Those reactions result in excited atoms,
leading to enhancements of the Balmer series emission.
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For the TCV conditions studied both MAI and MAR
have an important impact on divertor particle balance.
MAR results in ∼ 5 times more ion loss than electron-
ion recombination. While MAR is concentrated in the
detached region it occurs at higher temperatures (up to
2.5 eV) than for 3-body recombination (< 1 eV).
Balmer line emission attributed to H2 chemistry re-
mains peaked at the target while H2 Fulcher emission
’detaches’ from the target, following the ionisation re-
gion, as detachment proceeds. This suggests that there is
a spatial separation between the various plasma-molecule
interactions.
The strong enhancement of Balmer line emission near
the target attributed to plasma-molecule interactions indi-
cates enhancements in the Lyman series, potentially im-
pacting power losses. These enhancements are expected
to result in a separation of the Lyα and Lyβ emission
regions which would likely lead to changes of the effects
and location of opacity.
It appears that attributing the enhancements to Balmer
series emission during detachment just to plasma-atom
interactions can lead to an inaccurate description of di-
vertor particle balance.
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